We synthesized and characterized the colloidal suspensions of FeO·Fe 
I. Introduction
There has been an enormous research effort recently in colloidal magnetic nanocrystals, so that hundreds of papers are published per year in this field of scientific research [1] . These nanocrystals can be obtained with controlled size, shape and composition [2, 3] . Colloidal magnetic nanocrystals (CMNs) attract increasing interest both in fundamental sciences and in technological applications [4] . Colloidal magnetic nanocrystals (CMNs) are suspensions of magnetic nanoparticles (MNPs) dispersed in a liquid carrier [4, 5] . When the particle dimension is small (typically ~10 nm), the particle presents a single magnetic domain, with a large magnetic moment called superspin [6] [7] [8] . The surface of MNPs can be modified by several stabilizing agents or functional groups. Once, the surface of the magnetic nanoparticles is modified, they become highly functional materials. Some of the MNPs physical properties can be controlled by external magnetic fields or magnetic-field gradients [9, 10] , that is, they are stimuli-responsive systems. Some applications of ferrofluids are separation media [1] , heat-conduction media [4] , gas fluidized beds [1] , sealants [2, 7, 11] and hydraulic car suspensions [7] . MNPs can also be used for drug delivery, medical diagnosis, and cell destruction [4] . One of the peculiarities of a ferrofluid is how its nanoscopic organization is affected by an applied external magnetic field [10] . In the field of magneto-optical devices some applications can be found, for integrated optics [9, 11] , optical fibers [9, 11] and tunable beam splitter [11] .
Magnetic nanoparticles are free to move when dispersed in a liquid carrier medium, and different physical event may occur as a function of an applied magnetic field [12] . The blocking temperature (T B ) defines when the system of MNPs passes from blocked to superparamagnetic (SPM) state [12, 13] . The Zero-field cooled (ZFC) and Field cooled (FC) technique is widely used to study granular materials. ZFC-FC curves allows the determination of the blocking temperature of the system T B [12, 13] . The Small Angle X-ray Scattering is used to study structural parameters of fluid samples from the analysis of the experimental scattering pattern [2, 9] . For polydisperse systems, the experimental scattering pattern corresponds to an average that is performed over the particles in the solution. Thus, the experimentally reached values correspond to an average over the entire ensemble of particles rather than a single particle [2, 9] . To tackle this problem, ZFC-FC curves complemented by SAXS scattered intensities could supply several insights about the MNPs investigated.
Rare-Earth doping significantly alters the nucleation and growth of nanoferrites, which facilitate magnetic spin orientation [2, 14] . It is known that the magnetic behavior of spinel ferrite compounds is mostly due to the interaction between the iron atoms [14] . Rare-Earth ions are more favorable to enter in octahedral sites of the spinel structure; this causes 4f-3d interactions that promotes structural distortion, lattice strain and changes in saturation magnetization [14] . The literature reports the use of Neodymium (Nd) for doping copper nanoferrites [14] . Mixed manganese neodymium copper (Mn-Nd-Cu) nanoferrites was produced by sonochemical method -- [14] . Aslam and co-workers performed a co-doping of Nd 3+ and Pr
3+
on lithium nanoferrite and reported the effects on the magnetic and structural properties of the system [15] . The effect of Nd +3 doping on Mn-Zn ferrite was reported in the literature [16, 17] , and an enhancement of the saturation magnetization, due to the new cation distribution imposed by Nd doping was reported.
Jain and co-workers studied the influence of rare earth ions on structural, magnetic and optical properties of magnetite nanoparticles [18] . Jain also reported that there is a variation in the saturation magnetization maximum value, directly proportional to the number of unpaired 4f electrons in the dopant element [18] . ) [19] .
In the present study we report on the synthesis and characterization of colloidal suspensions of FeO·Fe (2-x) on the crystal structure is in-depth studied, through X-ray diffraction (XRD) and the obtained cation distribution. The magnetic properties of the synthesized FeO·Fe (2- x) Nd x O 3 nanoparticles also were investigated and corroborated by other physical methods.
II. Material and methods

A. Materials reagents
The materials used to obtain the MNPs were: FeCl 3 ·6H 2 O, ≥99%; FeCl 2 ·4H 2 O, ≥99%; NdCl 3 ·6H 2 O, ≥99%; cis-9-Octadecenoic acid (Oleic acid), ≥99%; NaOH, ≥99%; and kerosene. All primary materials were acquired from Sigma-Aldrich and used as received.
B. Synthesis procedure by coprecipitation method
The magnetic nanoparticles were synthesized by co-precipitation of an aqueous mixture of FeCl 3 (ferric chloride) and FeCl 2 (ferrous chloride) salts and stabilized at pH~12 [11, [20] [21] [22] [23] [24] .
Briefly, ferric chloride (4.00 mmol) and ferrous chloride (2.00 mmol) in a 2:1 molar ratio and 8 mL of oleic acid are mixed in 25 mL of deionized water. The solution was heated up to 80 °C and magnetically stirred for 30 min. Then, 30 mL of NaOH was added to the solution to precipitate the particles at room conditions, under vigorously stirred for more 30 min. When the pH reaches ~ 11, a severe reaction occurs and the solution becomes dark brownish. Thereafter, the resultant solution was cooled to room temperature. At last, the MNPs were precipitated with a permanent magnet and then washed ten times with deionized water to remove residual unreacted salts. The procedure described above was used to produce magnetite nanoparticles with x=0.00 and that samples was called as FF-REF. surfaces. MNPs are dispersed in kerosene.
C. Xray Diffraction
Powder X-ray Diffraction (XRD) patterns were obtained to investigate nanoparticles' crystalline structure. XRD was done in a Brucker-AXS D8 series 2 diffractometer, set to a Bragg Brentano Parafocussing Geometry. A Cu Ka source (λ = 1.5414 Å) generated X-rays at room temperature. The difractometer was operated at 40 kV, 30 mA. The experimental pattern data were registered in continuous scan mode, scattering angle 2θ from 15 to 80º, in steps of 0.02º.
D. Transmission Electron Microscopy
The overall form (morphology) and size distribution of the MNPs were examined by transmission electron microscopy (TEM). TEM was performed on a JEOL 1010 (Japan) microscope MNPs number-weighted-size distributions were obtained by measuring about ~500 MNPs with the ImageJ freeware [25] . The number-weighted size-distribution data were fitted to a log-normal distribution function given by [2] :
where D m and s are fitting parameters. The number-weighted mean diameter, and standard deviation of particle size, , are written as [2] :
E. Small Angle Xray Scattering
The Small Angle X-ray Scattering (SAXS) patterns of the solutions were investigated. The setup used to data acquisition was a Xeuss (Xenocs 
F. Zerofield cooling and fieldcooling (ZFCFC)
The magnetic properties of the MNPs were measured in a homemade Halleffect magnetometer [26, 27] . The magnetization curves were performed at room temperature and low temperatures (6K) and under different applied magnetic fields from −2.0 to +2.0 T. The DC magnetization as a function of temperature was measured in both zerofield cooled (ZFC) and field cooled (FC) regimes. ZFC-FC protocol was performed in a temperature range from 5 to 300 K, applying a 5.0 mT magnetic field [26, 27] . The instrumental broadening (β hkl ) was corrected, using Warren's relation [29] . The average crystallite size (CS) of all the samples has been estimated using full width at half maximum (FWHM) of each diffraction peak and the DebyeScherrer formula CS= 0.9 λ β hkl cos (θ) [28] [29] [30] [31] , where λ is the X-ray wavelength (Cu Kα, λ = 1.5414 Å), 2θ is the Bragg angle and β hkl is the FWHM of the diffraction peaks. The lattice parameter was investigated using the equation [28, 29] . The observed XRD patterns of all the samples were analyzed by Rietveld method [32] , using the MAUD 2.80 software [33] to get the refinement parameters [28] [29] [30] [31] [32] . The peak shape was fitted with a pseudo-Voigt (pV) function in the refinement procedure [30] . In the XRD pattern of doped samples (FF-ND1, FF-ND2, FF-ND3 and FF-ND5) we did not observe any peaks corresponding to NdFeO 3 . The ReFeO 3 (RE 3+ =Rare-Earth) peak was observed elsewhere due to rare earth doped ferrite [29, 30] . ions causes an expansion of unit cell [30] . This causes an increase of the lattice parameter (a exp ), as shown in Table I , for FF-ND samples as compared with FF-REF sample. The robustness of fit (GoF), the weighted profile factor (R wp ) and expected weighted profile factor (R exp ), assure the reliability of the fits, since, low values of GoF were obtained [34, 35] .
III. Results and Discussion
B. XRD Cation Distribution
Several physical properties of a crystal can be accessed through the knowledge of the cation distribution. Experimental Techniques such as: X-ray diffraction (XRD) pattern [30, [36] [37] [38] , X-ray magnetic circular dichroism (XMCD) [39] and X-ray absorption spectroscopy [39] can be used to estimate the cation distribution for spinel ferrite materials. The cation distribution in the present work, was obtained from X-ray diffraction pattern analysis. Experimental intensity ratios were compared with the calculated intensity ratios, according to Bertaut et al. [40] method. In this method, pairs of reflections are selected according to the expression [40] . (4) where and are the experimental and calculated intensities for reflections (hkl), respectively. We used the intensity ratios corresponding to the planes (220), (400), (440), which are known to be sensitive to the cation distribution [30, [36] [37] [38] . In order to obtain the bestsimulated/evaluated structure, the R factor was defined, according to Eq. (5). (5) The determination of the structure is attained by varying the cation distribution in the calculated intensity in such a way that the R factor will be minimized [30, [36] [37] [38] .
The relative integrated intensity of the XRD lines can be calculated using Eq. (6): (6) where I hkl corresponds to the relative integrated intensity. The quantity F hkl is the structure factor, while P is the multiplicity factor for the plane (hkl), and L p is a Lorentz polarization factor (Eq. (7)), and it will be a function of the Bragg diffraction angle. The multiplicity factor was obtained from the literature [41] :
The structure factor of the spinel ferrite has 24 divalent and trivalent cations and 32 oxygen anions [45] . The structural factors were calculated by using the equation proposed by Furuhashi et al. [46] , Eq. (8):
where and are related to crystal planes and can be determined with Eq. (9) and (10): (9) and (10) For evaluation of the atomic scattering factor we used values reported in the International
Tables for X-ray Crystallography [42] . The temperature and absorption factors were neglected in our evaluation because at room temperature these factors do not affect the relative XRD intensity calculations [36] . In general, spinel structures have a high melting temperature. So, small thermovibrational effect of spinel on XRD patterns is expected [43] .
In the present evaluation all possible cation configurations were considered with 0.01 . The closest correspondence with the actual sample structure was achieved by varying the cation distribution of the calculated intensity, which will provide a minimum R factor. (Eq. (5)) [30] . The cation distribution, the corresponding relative intensities of experimental and calculated XRD lines are given in Table II . The results are given in Table III . Table IV . The bond angles θ 1 , θ 2 , and θ 5 are associated with the A-B and A-A exchange interactions, while θ 3 , and θ 4 are associated with the B-B exchange interactions (FIG. (S1)(ESI) ). The observed increase in θ 1 , θ 2 , and θ 5 , corresponding to x=0.00 to x=0.04 (Table IV) 
where C is a constant, and α is the linear absorption coefficient. The linear absorption coefficient α was calculated from the absorbance measurement A(hυ) as a function of the photon energy using Eq. (13) [48] [49] [50] : (13) where A scatt (hυ) is related to the Rayleigh-scattering contribution to the extinction measured data.
A scatt (hυ) was estimated as having a λ -4 dependence, more details can be found elsewhere [42, 44] .
The value of n will be given according to the type of the electronic transition responsible for the absorption: for allowed indirect transition is n = 1/2; n = 3/2 for forbidden indirect transition; for allowed direct transition n = 2; n = 3 for forbidden direct transition [18, [48] [49] [50] . The optical gap for both direct and indirect allowed transitions were studied in this work.
Here, A(hυ) is the experimental absorbance measured for each sample. The absorbance was measured using the UV-Vis spectrophotometry, and L = 1cm is the width of the cuvette cell. The Table V, that for all samples with x ≠ 0.00, both E d and E i increase as x increases. We also point out that E d reaches the maximum value for x=0.06 (FF-ND3) rather than E i that reaches the maximum value for x=0.10.
J. Anghel and co-workers showed that exists a strong correlation between modifications in the lattice parameters and the bandgap energy for Zn (1−x) M x O (M = Cr, Mn, Fe, Co, or Ni) samples [54] . In their studies they observed that the unit cell volume (obtained by XRD) and bandgap (obtained by spectrophotometry) reached the highest values of Fe 3+ substitution [54] . For the series of metals M that they studied, iron was the one with larger ionic radius, that leads to a higher lattice parameter and hence, unit cell volume. A similar trend was also observed elsewhere [55, 56] . From XRD we found that the lattice parameter increases with increasing Nd-content and hence, unit cell volume, bond lengths (d AL, d BL ) and hopping lengths, L A and L B between the magnetic ions at A-site and B-site. In this way, the increasing in the bandgap observed here, may be understood since the bandgap is directly proportional to the interatomic separation, although it is also possible that new electronic states may exist due to the presence of the dopant [55] . The direct obtained experimental scattering pattern by Small Angle X-ray Scaterring (SAXS) can provide several characteristic properties of the sample irradiated by the X-ray beam [2 , 9] . For polydisperse systems, the experimental scattering pattern corresponds to an average that is performed over the particles present in solution [2, 9] .
In the analysis of the scattered intensity data, it was assumed that I(q) was produced by a system composed of globular nanoparticles. Therefore, I(q) has a contribution from the particles'
form-factor and the interaction between them (structure-factor). Assuming a model of polydisperse hard spheres with radius r, the scattered intensity is given by Eq. (14) [12] : (14) In this model, the scattering elements are considered an ensemble of polydisperse noninteracting spheres. The quantities r and V are the radius and volume for each sphere from the ensemble. The f v (r) is the normalized-volume weighted-radius distribution function. I sph is the normalized scattering intensity owing to a sphere of radius r and, Sc stands for a scaling factor [12] .
The Gnom software was used to analyze the scattering intensity Is versus the scattering vector q (modulus of q) [57, 12] . This approach was used to determine the volume-weighted size-distribution function f v (r) from the adjustment of the experimental scattering intensity data to I s (q), given by Eq. The results given in Table VII for the volume-weighted average diameter measured by SAXS are consistent with those determined by XRD.
G. Magnetization as a function of the applied field.
FIG. 7 (a) and (b) show the measured magnetization (M) versus the applied field (H) for
FeO·Fe (2-x) Nd x O 3 samples, at 6 K and 300 K, respectively. From these curves, the saturation magnetization (Ms), coercivity field (Hc) and remanence magnetization (Mr) are obtained and are given in Table VIII (16)), weighted with the particle-size distribution function (PDF) [58, 59] : (16) where M(H,T) is the magnetization of the magnetic nanoparticles at the temperature T (300 K) , N sc is a scaling constant, M S represents the saturation magnetization of the magnetic nanoparticles and [59] . The quantity V V , stands for the volume-weighted average volume of the nanoparticles given by [52] . Here we used, from the volume-weighted average radius and hence diameter, measured by SAXS [12] .
In the model expressed by Eq. (16), the magnetization M as a function of field H has contributions from superparamagnetic (SPM) and paramagnetic (PM) particles [31] . The quantity c is the paramagnetic contribution (linear with the magnetic field, H [36] ). We found that the SPM regime contributes with 95-97% for all samples, while only 3-5% comes from the PM regime [36] .
The MNPs are expected to have a nonmagnetic layer around the magnetic core (core-shell model) [60, 61] . The thickness of this magnetically inert shell was evaluated from the volumeweighted size distribution function, according to Eq. (17) [60, 61] : (17) where δ is the thickness of the shell, M S is saturation magnetization of the nanoparticles M Sbulk stands for the saturation magnetization of the bulk material [60] [61] [62] and the reciprocal of the volume-weighted average diameter ( ) of the particles [60, 61] . From Eq. (16) we found that the thickness of the magnetically inert layer of the materials studied here, ranges from 0.5 Å to 7.8 Å.
The Neel's theory for collinear ferro/ferrimagnetism of two sub-lattices model, predicts the net magnetic moment per formula unit (f.u.) according to Eq. (17): (18) where M octa and M tetra are the magnetic moments of B (octahedral) and A (tetrahedral) sites in µ B units (Bohr magneton) [36, 31] . Based on the site occupancy obtained from the XRD cation distribution and magnetic moment of 5, 4 and 3.2 µ B [63] ions, respectively, the n Neel values were calculated using Eq. (18) and are given in Table VIII . On the other hand, the magnetic moment per formula unit in Bohr magneton unit n exp (experimental) can be calculated from the saturation magnetization Ms according to Eq. (18): (19) where MW is the molecular weight. The calculated n Neel magneton number using the XRD data For magnetite (Fe 3 O 4 ), below the Verwey Temperature (T V ), the magnetocrystalline anisotropy is expected to be uniaxial [62, 64] . Therefore, the experimental coercivity field and saturation magnetization are related to the effective anisotropy constant K eff through Eq. (21) [62, 64] : (21) To determine the squareness ratio (S), Eq. (22) was employed [65, 14] : (22) The evaluated values of the magnetocrystalline anisotropy constant (K eff ) and S are given in Table VIII . For all samples S < 0.5, which indicates uniaxial anisotropy contribution in the prepared Note that FIG. 8(a) -(e) also show that the maximum of ZFC curve for all cases is close to the temperature in which the ZFC-FC curves split. This effect is due to particle dipole-dipole interaction. ) and correlation length (Λ) also are larger for those particles with larger volume-weighted average diameter (FF-ND1, FF-ND2 and FF-ND5). This is due to the fact that for larger particles, the interparticle distance increases, as the mean-particle diameter increases [12] . Note that, the correlation length (Λ) is out of the range accessible in our SAXS experiments, that is, about ~60 nm.
V. Summary and Conclusions
Magnetic fluid based on magnetite were synthesized and XRD patterns of the samples 
